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Abstract 


Plans have been forimilated for chemical propulsion iccliiiology 
programs to meet tlie needs of advanced space transportation 
systems during the two decades from 1980 to the year 2000. The 
many possible vehicle applications have been reviewed and 
cataloged to isolate the common llireads of primary propulsion 
technology that will satisfy near term recinireinents in the first 
decade and at the same lime cstabllsli the technology groundwork 
for various potential far term applications in the second decade. 
Two thrust classes of primary propulsion engines are apparent: (I) 
5,000 to 30,000 pounds thrust for upper stages and space 
mancuveringi and (2) large booster engines of over 250,000 
pounds thrust. Six major classes of propulsion systems and the 
important subdivisions of each class liavc been idenlined. The 
relative Importance of each class is discussed in terms of the 
number of potential applications, the likelihood of lliul applicaton 
niatcriali/ing, and the criticality of the technology needed 
Specific tcclmology programs arc described and scheduled lo 
fulfill the anticipated primary propulsion tcclmology requirements 
of the period. 

Introduction 

During the decade of the 1980’s most of the NASA and DOD 
space transportation requirements will be provided by the Space 
Sluiltic, wtiicli is now under development. The Space Shuttle 
vehicle system, shown in Hgure 1, includes the Orbitcr vehicle, an 
external hydrogen-oxygen tank (ET), and dual solid rocket 
booster (SRB) motors. An additional part of this space 
transporiation system (STS) is an upper stage Unit will be 
transported lo low earth orbit in the Shuttle cargo bay and used to 
propel payloads to liiglier orbits or to escape velocity. Initially, 
this requirement will be met by a modified existing stage, such as 
Transtage, Centaur, Agena, or Della, called the Interim Upper 
Stage (lUS). Later, a full capability, reusable Space Tug will be 
developed, which will be operational after 1 984. 

The principal incentive for development of the Space Shuttle 
system is reduction of launch vehicle cost througli rc-use of major 
portions of tlic launch vehicle. The Orbitcr vebide, the SRB cases, 
and eventually the Space Tug will be re-used from 50 to 100 
missions. Reusability of the Shuttle system will reduce the launch 
vehicle portion of payload costs from tlic present level of SSOO to 
SI 000 per pound of payload in low earth orbit to .ipproximatcly 
SI 50 to J200 per pound. Also, when the full capability Tug is 
developed the SluiUlc system will provide new capabilities such as 
spacecraft retrieval from synchronous orbit, on-orbit servicing of 
spacecraft, and frequent ferry missions lo a manned orbiting space 
station. 

Since the present baseline STS is well Into the development 
phase, it is timely to examine modifications to the propulsion 
system that have potential for improving tlic present system in key 
areas, such as operating cost, payload capability, operational 
flexibility, and cnvironracnlal impact, in the latter half of the 
decade from 1980 to 1990, a number of Shuttle “growth” 


improvements merit consideration, including, for examiile 
changing of Orbiler subsystems, such as the Orbit Maneuvering 
System (OMS); replacement or Improvement of the SRB's;; or 
upratlng of llie Space Shulllc Main Engine (SSME). ALiO. 
alternatives lo the present baseline cryogenic Tug or improvements 
to the Tug or lUS may be considered. Beyond 1990, new Sp.ice 
Transporalion Systems are being studied, such as:, 
single-slage-lo-orbit (SSTO) shuttles using mixed mode propulsion 
systemsC' ). fully reusable Iwo-siage-lo-orblt (TSTO) vehicles, ami 
a variety of other vehicle types. 

Study Cuidclities 

The primary propulsion technology needed for the advanced 
STS of the I9SO-2QOO time period w,is evaluated with tlie 
objective of idenlifylng propulsion technology needs and evolving 
a comprehensive lechnology plan to meet those needs. Various 
vehicle applications were studied that appeared likely lo occur in 
llie two decades, which were referred to as; (1) tlte near term 
{1980-199(1) period: and (2) the far term (1990-2000) period. The 
program was, therefore, designed to provide a flow or evolution ot 
leclinology from the presently definable near tenn applications to 
more advanced far term applications. Study of the propulsion 
systems needed for these applications quickly revealed a natural 
division mto two engine tlinyst classes, as sltown in figure 2: (I) 
Space engines of upproxitnatcly 5,000 to 30,000 pounds Oinisi 
liaving general application to upper stages, space maneuvering 
systems, or lunar surface vehicles; and (2) Baoster engines of 
generally greater than 250,000 pounds thnisl that provide the high 
thrust levels needed for vehicle lift-off and propulsion to low earth 
orbit 

Also shown in figure 2 arc examples of specific applications for 
eadl engine thrust class in both the near term (1980 to 1990) and 
far term (1990 to 2000) time periods. The near tenn applications 
represent improvements to the present STS or existing expendable 
launch vehicles and the far term applications represcnl vehicles 
that may replace or supplement the present STS or meet otlier 
contemplated requirements. 

In laying out this technology plan, no attempt was made lo 
compile an exliaiistive list of potential vehicle types or 
applications but rather to prepare a listing of typical applicalkn 
having empliasis on various propulson system attributes .such . 
thrust level, performance, cost, storability. density, etc. Alsu, no 
attempt was made lo emphasize or champion any particular 
vehicle application or propulsion system type. The objective was,, 
instead, to provide a propulsion technology plan that will provide 
efficient use of R&T funds through prudent seleciion of 
technology programs having both foreseeable near term and 
potential far term applications, most significant payoff, and 
greatest likelihood of use. 


♦Chief, Rocket Sy.stcins Branch, NASA-Lewis Research Center, member AlAA 


Scliejilic 

The Space Siiuttlc is now being tievciuped and will he in 
operational use beginning in 1980, us shown in flgurc 3. The lUS 
will also be operational by 1980 urn), according to present piuiis, 
wilt be replaced by the Space Tug in 1984. Development of the 
Tug is scheduled to start in 1978. Tile present NASA stable of 
expendable launch veliicies. including Atlas-Centaur, 
Titan-Centaur, Tlior-Delta, and Scout, will be used into the early 
lo nild 1980‘s, after which they will gradually be phased out and 
replaced by the Sliultle. Tiic exception to this is tile Scout vclilcle 
which because of its low cost will continue to be used for small 
payloads. The various Sliuttle "growth” options (ircviously 
mentioned could be brouglit into operational use us early as 1985 
througli block changes to tlic veliicie system, whicli would reriuire 
that development of these options be initialed by 1 980-1 981. To 
meet these lime scliedulcs for near term applications, the primary 
propulsion technology work must be vigorously putsucil during 
lliu 1976 to 1981 time period. Tliis will provide needed 
tcclinology in lime for these early applications and lay the 
groundwork for a continuing and somewluii overIa|)ping 
technology program for the far term applications during 
1979-1981, This schedule will provide the propulsion technology 
for advanced STS veliides in time to start dcvciupnieni by about 
1985 in order that t' ey may be operational by about 1990. These 
schedules for improved or new vcliicies are not necessarily 
advocated, but are presented only to cnumenitc tlie possibilities 
and to show the scheduling of advanced technology needed if 
tliese options arc to be exercised. 

Annllcations 

5.QQQ to 30,000 Pounds Thrust ^ Near Term 

lU.S "Tlie Interim Upper Stage will be a modified existing 
upper stage, sucli as Della, Agcna, Centaur, Transtage, or Hurner 
11, as sliowii In figure 4. These stages liuvc been studied extensively 
as either cxpendablc(7) or reusable stages and one (or po.ssibly 
two) will be selected by late 1975. The lUS Is conceived as a low 
cost approacli to providing (he needed upper stage for llic Space 
Shuttle by 1980, rather than developing a new stage at llie same 
time .IS the Shuttle is being developed. Ileeausc of llie emphasis on 
low cost and limited operational time period, it is not likely lhal 
the I US, as now envisioned, will have need for much advanced 
(eclinology. However, because of the unknowns regarding the 
projected mission model, Hie vagaries of NASA budgets and 
funding priorities, and the questions regarding llie value of 
payload retrieval and stage rc-usc, it is possible that llie lUS use 
period may be extended and that performance improvements and 
advanced tedinology infusion may tlicrefore be considered. For 
example, if a rnodified Centaur stage, as sliown in figure 5, were 
selected as Hie lUS, one approach to improving it would be to 
replace the RLIO engines with a new higlier performance engine. 
Tlicn, at a later time, when Hie cryogenic Space Tug is developed 
it could use the same new engine. Tliis approach would spread the 
total Tug development cost (including the new engine) over a 
greater ntimbcr of fiscal years and would be an ucccptabic 
approach if payload retrieval (wliicli the I US will not provide) 
were not actually needed by 1984 (as is now planned in the 
mission model), and if the payload capability of llie uprated lUS 
Were adequate. 

Space Tug — The present baseline Tug vcliielc, .sliown in figure 6. 
is a lilgli performance, cryogenic reusable stage that uses a 
modified RLIO cngineC*). Other Tug vehicle concepts are also 
being studied including higlier performance cryogenic systems, 
plug nozzle engines, multi-staged solid rocket motor systems, and 
high bulk density liquid propellant systems, sucti os 


Nj 04 - amine fuel, LOX-amlne rucl(4) or LOX-hydrocarbon fuel. 
All of these approaches have certain advantages and tlic final 
selection will depend upon the relative cm])|ias!s given lo various 
design considerations, such us payload capability, cost, stage 
length, reusability, payload retrieval, and operational 
considerations. 

If the presently baselined hydrogen-oxygen propellants are 
retained for the Space Tug, lliglier performance may be acliicved 
by Hie use of more advanced engine systems, such as the staged 
conibusiion cycle Advanced Space lingine (ASfi)(S) or llie 
ucrospike cnglnc(6), t-xicnsive efforts have been in progress for 
several years to develop tiie Iccimology for these engines In order 
lo make llieiii viable options for the Tug. Uoth of llicse advanced 
engines can provide hitter payload capability and reduced engine 
length compured to the RLIO category IIU engine. The higher 
developnienl cost for one of tliese advanced engines would 
eventually be Hcfrayeil by a reducii'oii in the number of Shuttle 
lliglits needed lo perform the mission model and savings in 
payload development costs resulting from increased payload 
margin. 

Sliulllc OME - The Space Shuttle has two Or ril Maneuvering 
Engines (OMB), housed in two separate reniovahle pods on Hie aft 
end of the fuselage, which ate used for attaining orbit, 
maneuvering in space, and de-orbit. The OMB is a bUUO-pound 
Hmisl, pressure-fed engine tliut burns NjO^-MMIl propcilanis A 
number of approaches may he considered for improving tills 
system, such as .sulMlituting a higher performance pump-fed engine 
and propellant feed system or use of different propellants that are 
lower in cost or higlier in pcrronmmcc, I’ossible camlidates are 
NjOj-liydrazine, LOX-hydrocarbons, or LOX-liquid hydrogen. 
The system using LOX with an ihlemicdbtc density liydrocarbon 
fuel provides liigli bulk density, improved specific impulse, and 
reduced propclLnt cost. However, it would require development 
of long duration loiv |itcssuic LOX storage syslcnis lllat would fit 
williin tlic present pods. Tlie oxygen-hydrogen system, because of 
its low bulk density and hydrogen storage problems, would requite 
more extensive clumgcs to Hie Siuiltlc Orbiler vehicle, but would 
provide a higli performance system burning dean, non-corrosive 
propcilanis lhal are ideal fora reusable tystem. 

Bxnenduble Unner Stages -» Tlie present NASA family of 
expendable veliicies includes the Atlas-Centaur, Titan-Centaur, 
Thor-Delta, and Scout. Since these veliicies will be in use until Hie 
mid-l98U's, it is reasonable to investigate various metliods for 
improving or upraling litem provided the changes are relatively 
low in cost and provide .significant advantages. Also, in studies 
being made ol’ mission requirements in the 1990’s(7), these 
expendable laiincli veliicies in modified form are being included in 
the study as part of the overall vehicle mix that liiay provide 
lowest total cost, which, of course, is dependent upon Hie mission 
model of the I990’s. The upper stages u.sed on these veliicies are 
Hie same ones being considered for the lUS and, therefore, Hu- 
same advanced propulsion tecliiiologics apply for the most part t« 
both the lUS and uprated versions of these expendable stages. 

For example, if a liigli performance staged combustion cycle 
ASE of 15.000 pounds thrust were developed and used on the 
(Centaur) lUS and later the Space Tug, it could also be used to 
upratc the Centaur stage for Atlas-Centaur and Titan-Centaur 
missions. On Atlas-Centaur missions, such as Intelsat and 
FLTSATCOM, tlie Centaur stage is employed to place the 
spacecraft into a higlily elliptic transfer orbit. The payload 
cxcliange factor for sucli missions is plus 28 pounds of payload per 
second increase in specific impulse(8). Use of two ASE’s to replace 
the present RLlOA-3-3 engines on Centaur Would provide an 
increa.se in .specific impulse of 25 seconds and fit wiHiin the same 




upproxlniati: physical cnvelupc. Tlic rcsultiiiB increase lii payload 
of 700 poimJi would increase Intelsat IVA payload by 22ft and 
FLTSATCOM payload by 18ft. This payload increase could 
provide; additional comniunicutions capability; increased life and 
reliability throuBli added redundancy and greater attitude control 
propellant weiglit; or reduced cost tlirouglt use of lower 
technology (licavjcr) equipment and Itcuvicr, standardized 
components. 

S.OOO to 30.000 Founds Thrust - Far Temi 

Advanced Space Tiie - Assuming tliat the Tug becomes 
operational in the inId-BO’s, as presently planned, it is reasonable 
to consider methods for upniting or impiovingit by I'jyo or soon 
thereafter as the niission model of the 1990's becomes clearer. 
Such improvements are dirricult to define at present because 
several different concepts are still being considered for lire Tug. 
Such improvements could take the form of liigh performance 
hydrogen-oxygen systems, higli density propellant systems, use of 
fluorlnated oxidizers, or use of mixed mode propulsion. If llic 
present baseline cryogenic tug design is developed, a logical 
mctlioil of upraling would be by rcplacenienl of ilic modified 
RLIO engine with a higlier perfonnance staged conihustion cycle 
engine f>S5) or aerosplke (plug nozzle) engine us previously 
mentioned for llie lUS. 

Anollier promising concept for an advanced tug is the use of 
mixed mode propuIsionfSK In tills approach, sliown in figure 7, 
first LOX-RJ-S and then LOX-LII 2 iiropdiants would be burned 
In scries in a single, slagcd-combuslion, dual fuel engine. Tiic 
payload capability for litis design would be comparable to the 
baseline cryogenic Tug but the payload volume available would be 
increased by up to 34%. In a more recent study of mixed mode 
propulsion for lut-06), even more advantageous stage designs were 
achieved using LOX/MMII/H 2 propellanls with a dual fuel engine. 

Payload volume will become increasingly important for Sliuttle 
missions of the late I980‘s and beyond and will increase the 
emphasis upon compact, sliort lengtii Tug designs. Compilation of 
dala from llie 1973 Shuttle Cargo Manifest DataflO) table sliows 
that the average planned cargo length is 51.2 feet, or over 85% of 
the available length (based on use of 35 foot length Space Tug), 
whereas the average cargo load factor is about 69ft or 44,600 
pounds of payload. Thus, a superficial study of the .Shutlle cargo 
situation indicates more margin exists for payload weiglit growtii 
tlian for payload Icnglh growtii, Conscqueiilly, sliort length (but 
higli performance) Tug designs sliould be of considerable iiileresi 
in iiie future. Also, any future upraling of Tug payload capability 
will be constrained by the cargo bay volume liinitallon, again 
placing importance upon shorter length Tug designs. 

Orbit Transfer Veliicle - In long range pl.uuiing studies of 
potential missions in llie 1985-1995 time periodO O, an Orbit 
Transfer Vehicle (OTV) is prominently inenlioiieil a.s a key 
element of the overall space transpoilalion system. The OTV is 
larger than tlie tiig but would be used for simibr missions, for 
example, to move payloads from low eaiUl orbit to 
geosynchronous orbit, to transport spacecraft I& the vicinity of 
tlic moon, or to propel spacecraft to escape velocity. Vehicles of 
various sizes, from approximately 100,000 to 500,000 pounds 
total Weight, are Being studied and both LOj/LH: and higli 
density propellatits, such as LOj /MMH, arc being consitlercd. This 
application calls for im advanced engine in the range from 20,000 
to 40,000 pounds tlinist having compact size (higii chamber 
pressure), higli specific impulse, tank head ullaging and start, and 
long life with no limit on restarts, liither conventional bell nozzle 
or plug nozzle engines could be employed singly or in clustered 
arrangements, one example of which is illustrated in figure 8. 


Lunar Surliice Veliicle - In the studies of future mission 
rcquircincntsfl II, lunar exploitation missions are also being 
evaluated. These missions would rci|ulre advanced vehicles for 
landing and taking off from the lunar surface, So, me of the 
concepis under study, as shown in figure 9, arc sized to be Slmltle 
payload bay compatible and could be modined forms of the OTV 
mentioned above. Various sizes, staging conriguralions, and 
propellants are applleablc, including LOj/Lllj and liigli bulk 
density propcilanls, sncli as LOj/MMII or LO;/RJ-S. Tliis 
application also requires an advanced high performance engine 
having llie cliaraclerlstics menlloned above for the OTV with tlie 
additional feature of tlirottling tor the landing Stage, 

Orhii Mai-.et.verina .Systems - FLilure advanced shuttle-type 
vehicles, wliidi may he single-slage-to-orbit designs, will require 
oil-hoard propulsion, like the Sluittle OMl:, for supplying the rinul 
AV to reueli orbital velocity, maneuvering and rendezvous with 
payloads in space, and de-orbit propulsion. Sucli systems generally 
do nut have tlie same degree of empliasis tipon higli performance 
as the Tug or OTV and, consequently, a pressurc-fed or moderate 
pressure pump-fed engine may be adequate. However, the design 
requireinciils of the speciHc application will dictate the chuice of 
propulsion system. Technology generated for tlic Tug and OTV 
will be applicable for advanced OMS aitliougli llie thrust level 
needed lor orbil maneuvering is generally lower, e,g„ 
5,000-1 0.QOO pounds thrust per engine. 

Over 25QK Thrust — Near Term 

SSME Improveineiil - Tlie Space Shuttle Main Engine (SSME), 
siiow.i in figure 10, is a 470,000 pound vacuum thrust, staged 
combustion cycle hydrogen-oxygen engine that operates at a 
chnmher pressure of 2970 p.siti, Tiiree SSME’s are mounted in the 
Orbfter vehicle and burn conliiiuoiisiy I'rotii lauiicli to near orbital 
velocity, delivering liigli specific impulse that varies from 363 
seconds at take-off to 455 seconds in vacuum. 

Qccause the engine must operate over widely varying back 
pressures, the nozzle expansion area rallo of77: 1 was selected as a 
compromise. A lower area ratio would give better perfonnance at 
sea level and a larger area ralio would provide liiglicr perfonnance 
al space vacuum condilions. Therefore, tlte overall engine 
perrorniaiice could be substantially improved by a variable area 
ratio or two-position nozzle that could be changed to more nearly 
match the nozzle urea ratio to the optimum value us pressure ratio 
changes during the fltgiu. Engine p-arformance could also be 
improved liy llie use of an allitude compensating (plug) .nozzle or 
by increasing tlie engine chamber pressure, wliich allows for a 
higher expansion area ratio nozzle. Such perfonnance 
improvenients will provide Inglicr Sliuttle payload capability, 
wliicli lias the effect of reducing (lie average cost per pound of 
payload in orbit, assuming tauiicli costs remain constant, 

If the diamber pressure of tlie SSME were increased to 40t)C 
psiu. for example, the nozzle area ratio could be increased to 97 
within the present physical envelope, whldi would provide an 
increase in vacuum specific impulse (Ijp) from 455 lo 460 
seconds. Since Ihe Sliuttle payload is increased 1320 pounds per I 
second increase In l,p of the SSME, this change would provide a 
potential payload increase of about 6600 pounds or Kfft of the 
present payload capability. This added capability could also be 
utilized to provide eonipensation for Shuttle weight growth, 
longer slay times in orbit, or alleviation of Tug propulsion 
requirements. 

Shuttle SRD Improvement — As shown in Figure I, two 
P-2-indi ilianicicr solid rocket booster(SRE) motors are altacbcd 
la tile exlernci lank of the Sliuttle. The SRB's burn in parallel 







will) till; main propulsion system (3 SSMI^s), providing thrust 
augmentution of about 5,000,000 pounds during tlic initial pli,isc 
of laimch, up to a velocity of 4470 feet per second. Al ter their 
burn Is completed, lEte SKD’s are released by pyrutcclinie 
separation devices and separate from the UT. The SRB's then 
descend into the ocean by parachute and are recovered, 
refurbislied, and re-used. 

The soiid roekut boosters were seiected for tite Sliiittle because 
of their simplicity, reliability, and tow development cost compared 
to it liquid booster. However, they have certain disadvantages, 
including high recurring cost and pollution of the atmosphere. The 
SUlTs presently conslitutc about one-third of the Sluitlle 
recurring cost per niglit, which Is primarily due to the higli 
propellant cost, predicted to be about S I.OO-S 1.25 per pound. The 
present SlUl propellant formulation Is a mixture of ammonium 
perchlorate, aluminum, and I’BAN binder. A reduction of 
propellant cost of about I0-15'/J could be achieved by substituti.’ig 
I1T?U binder, a change that Is now conlemplulcd. Another 
problem related to the solid propellaiil is contaminallon of the 
upper atmosphere with HCl ami other products in the exhaust 
which may cause ozone depletion or other air pollution problems. 
To solve this problem, consideration Is being given to substituting 
ammonium nitrate for ammonium perchlorate In the propellant 
mixture. However, this change would cause a reduction in t,p of 
about 3 to 4 seconds and a concoinitant reduction in Shuttle 
payload of about 1400 to 1800 pounds. Also, the use of 
antmoniiint nitrate is less desirable from (he standpoint of safety 
and case of handling. 

Shuttle SRI) Renlaceincn l — Because ol the higli recurring cosi 
and ulinosplieric conlamlnallon problems of the SRB's, a number 
of options have been considered for replacing them with liquid 
propellant boosters(7). The options studied generally have the 
goals of: (1) making maximuni use of Shuttle hardware presently 
being developed, i.e., using the Orbiter and external tank with 
minimum modifications; (2) inahilaining payload capability at the 
present level of 65,000 pounds or increasing it; and (3) providing a 
low development cost system which can provide a slgniricani 
reduction in Shuttle recurring cost. Some examples of Ihe types of 
vehicles being considered arc shown in Bgurc 1 1. 

Figure 1 1(a) shows a Sliuulc growth concept in which the SRB’s 
have been replaced witli dual strap-on liquid propellant booster 
stages. Tlie boosters burn LOX/RJ-5 propellants and require 
development of an advanced higli pressure LOX/RJ-5 engine of 
1.8 million pounds thrust. The liquid boosters stage off like the 
present SRB's and are parachuted into the ocean, recovered, 
re-furbished and re-used. An alternative recovery method is to fly 
the boasters back as unmanned RPV’s (remotely piloted vehicles) 
and land them horizontally on land. This approach eliminates the 
problems associated with ocean recovery and rei'irbishmcnt of salt 
water exposed engines but introduces new problems and 
considerably higher development cost of deptcyabic wings, air 
breathing propulsion, and RPV flyback equipment. 

The concept shown in figure 1 1(b) replaces the SRB’s with a 
heat sink flyback booster that has five F-l engines burning 
LOX/RP-I propellants. The booster uses S-IC propellant tanks 
and has wings, tall, and air breathing propulsion for the Hyback 
portion of the mission. The existing Orbiter vehicle and shortened 
external tank (ET) are also utilized. The booster and Orbiter 
operate in series burn mode rather than parallel burn like the 
present Shuttle. 

Figure 1 1(c) illustrates a third concept in which the present 
Orbiter and ET arc retuined and the SRB’s are replaced with u 
flyback booster. The booster has internal LOX and RJ-S tanks and 


has thsce higli pcfformaiice LOX/RJ-5 engines of 1,77 inllliaii 
pounds thrust each. This booster dcvcloiimciit rcpresctils the first 
step of a Iwu-sicp process to arrive at a fully reusable two-stage 
Sliultle system with manned Hyback booster. 1‘he second step is 
to develop a new Orbilcr stage having the same external mold line 
as the booster but with internal hydrogen and oxygen tanks (thus 
criminating the ET) and four higli pressure llj-O; engines. The 
concept shown in figure I l(c) has a payload capability of 65,000 
pounds with the booster stage propellants oil-loaded. If fully 
loaded, the payload capability is increased to 140,000 lbs. but the 
Orbiter cargo bay volume is probably Insufncicnt to uccoimnodale 
Ihis payload wei^u. 

Exiieiidaiile Launch Velilde liiinrovenient - As previously 
mentioned, the present stable of expendable launch vehicles is 
staled io be phased out hi the early-lo-tnid 1080's. However, If the 
Shuttle program schedule slips or if its recurring cost per Higlit 
increases signillcanlly, some of these vehicles may continue to be 
llown ihrougli the I080’s for certain types of missions. In Ihis 
event a variety of improvements may be considered to uprate 
vehicle performance, reduce cost, or improve operational 
churaeterisiics. These improvements may include, for example, use 
of advanced high performance engines, substitution of higli 
density hydrocarbon fuel (RJ-5) for kerosene (Rl’-I) fuel, various 
improvements to solid propellant molars, or use of air 
aiigmenlalion to provide higli specific impulse at vehicle lill off 
and during the early portion of the fllglil. 

Over 250K Thrust - FarTcrm 

Siiigle-StuRc-lo-Orbll f.SSTO) - In recent years the 
siiiglc-slagc-lo-orbil shuttle concept has been studied 
cxlensivelyf>7.1J) in the search for future booster vehicles 
capable of reducing Earlli-to-orbit transportation costs below 
SlOO/pound. The SSTO shultle appears capable of meeting this 
recurring cost goal ihrougli the efficiencies ussocialed with use of a 
fiilly reusable, single-stage vehicle as opposed to two or 
Iwo-and-a-half stage concepts, like the present Shuttle. Of llte 
many SSTO designs studied, the mixed mode concept of the type 
shown in figure 12, appears most promising. This particular vehicle 
design employs ciglit higli pressure staged combustion Oj/RJ-5 
engines of 680K sea level llinist eacli and two dual fuel cn^tics of 
S88K vacuum thrust each. The dual fuel engined) is designed to 
bunt 0:/RJ-S propellants during the boost phase of fli'glit and 
switch to Oj/Hj dttring the sustain mode, at which lime all the 
Oj/RJ-5 engines arc shut off. The dual fuel engine is not essential 
to make the mixed mode SSTO a viable concept, but improves it 
by reducing total engine weiglit and vehicle boattail area required, 
Separate Oj/H} and Oj/RJ-S en^nes have been employed in 
either series bum or parallel burn arrangements in other SSTO 
designs. Because of Ihe iiigli AV required of Ihe single stage 
shuttle, a very cffieicnl propulsion system employing advanced 
high perfomiancc engines is necessary For the Oj/RJ-5 boost 
phase, higli pressure staged combustion cycle engines, siidi a- 
sliown in figure 13. arc needed. Alternative arrangements have alsi 
been sludiedO'i) utilizing linear throat/plug nozzle or linear plug 
cluster nuzzle concepts, shown in figure 14 These designs have the 
advantage of better utilization of boattail area, improved 
stnictural cffidcncics associated with thrust take-out from the 
engines to the vehicle, and better sea level l(|, resulting from the 
use of attitude compensating nozzles. 

Two-Slage-To-Orbit (TSTO) - A variety of fully reusable 
iwo-stage-to-orbil shuttle vehicle concepts were evaluated in the 
Space Shnltic Phase 11 studies. Tltis '•eiiictc concept ! as the 
advantage of lower recurring cost than Ihe p'esent baseline Space 
Shuttle (figure I). For example, the TSTO vehicle shown in figure 
IS is predicted to have a recurring launch cost of SI 6 per pound 
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of paylojd in low curlli orbit. Tliis vcliicle is thu second pliusc of 
the vehicle developtneni described above, tite lirsl phase of whkii 
L shown in figure 11(c). The complete TSfO consists of two 
manned stages liaving the same cxtenial mold line lliut are 
mounted belly-lo'belly fur launch. All tanks are internal and no 
liardwarc is expended on eadt Higtil. Tlie orbitcr stage lias four 
high pressure llj/Oj engines of 380K sea level thrust each. 

Many other 'I'STO concepts have been proposed to ineet the 
mission rc(]uirements of tiie lllDO's including bolli vertical takeof f, 
liorizontal landing vcliicles (VTOIIL) and liorizontal takeolT, 
horizontal landing (IITOIIL) vehicles. The vrOilL concepts are 
generally all rocket propelled; the IITOIIL concepts utilize 
composite engines in Itie first stage that combine air breathing 
propulsion iind rockets within a single engine. Composite engine 
concepts will be dcscr-bcd in greater detail in a fallowing section. 
The MTODL concepts, an example of whicli is shown in figure 16, 
provide low rcenrring cost and generally lend to Iiavc lower GLOW 
and higlicr dry weight than coni|)arable alhrockel powered 
VTOIIL designs. 

Assisted Takeoff Coiiccpls - Special eases of tlic SS TO concept 
are being studied fur tlie far lent) period Ihal ulilize lukeutf assist 
prcpulslun for the purpose of reducing the size, wei'glil, and cost 
of the orbitcr stage. Some ex.imptes ol tliese assisted IITOIIL 
concepts include sled launched, in-fiighi refueled, or air launched 
designs, i'rum tiic standpoint of pruptdsion tc’clinology llicse 
concepts introduce no additional requirements for llie far term 
period not covered by tiie SSTO or TSTO except tlie possible need 
for moderate sized solid rocket motors. Other s|)ccial requirements 
siicli us rapid in-tllghl propellani transfer from a tanker aircraft to 
the orbitcr stage are also introduced. 

Heavy Lift Vehicles — To mccl many of the projected mission 
needs of the III90VI D and to provide greatly reduced numbers 
of Shuttle lliglils for other missions, heavy lift veliicles are needed. 
These vcliicles arc postulated to have payload capability to low 
earth orbit in the range from 150,000 to 400,000 pounds. For 
payloads of Ibis magnitude, it is esscniiat that vehicle luimch costs 
be minimized and typically launch costs of S25-$50/pDund of 
payload are predicted. This level ol cost cun be acliieved only 
through reusability of the majority of booster hardware. 

Figure 17 illustraics three typical examples of the many possible 
vehicle types that Iiavc been postulalcil. Figure 17(a) shows a 
vehicle derived from Shutlle hardware liial is capable of 
transporting 170,000 pounds to low earth orbit. It utilizes tlie 
Shuttle external lank and SRD*s with three SSMF’s mounted on 
the aft end of a payload capsule. The SRU’s would be recovered in 
the same manner us for Ihe present Shutlle and tlie ITT would be 
expended. The SSME's and the Instrumcnl Unil (lU) would be 
recovered from orbit by tlie Space Sliultic Ibr rc-usc. Tlie vehicle 
sliown in figure 17(b) is designed to place 400,000 pounds in orbit 
and also makes use of Shuttle-derived components. Il has a core 
Hj/Oj stage with six SSME's, and four SRB strap-ons. Again, the 
SRB’s would be recovered in the same manner as Ibr the present 
Shuttle, the lU would be picked up in orbit by the Shuttle and 
returned for re-use, and the SSME’s would be dc-orbited in a 
capsule and recovered by paraglider or parachute. Tlie Hj/0, 
tankage would be expended. Tlie ttiird veliide. sliowii in figure 
1 7(c), is also designed for 400,000 pound payload capability but 
utilizes more advanced iccimology than the other iwo. II is a 
2-stagc series-burn VTOVL (vertical takeoff, vertical landing) 
design having a central Hj/Oj stage with a large split combustor 
acrospike engine and six LOX/RJ-S sirap-on boosters with 
advanced, high pressure engines. Tiie six LOX/KJ-S boosicns 
slage-off at 3000-3500 ft/scc velocity and arc recovered like llic 
Shuttle SRB’s. This recovery mode for Ihe liquid boosicrs assumes 


a weiglit penally for sirengllicning the tanks and engines and 
scaling them fur water impact. The core stage is designed for 
ballistic rc-eniry and vertical landing using (he Hj/Oj aerospike 
engine fur Ihnisl during Ihe landing maneuver. 

Expendable Launch Vehicle ImproveineiU - For the reasons 
menlloncd previously under the Over 2S0K Tlirust - Near Term 
category, it is possible that some expendable launch vehicles may 
conllime to be used in Ihe I990's, If this uccuis, tile advanced 
tedinology developed during llie next ten years may be applied to 
iiprale amt improve liiesc vcliicles. 

ITupiilsioit System Classllicalioii 

A SCI of prupnisiun system classifications was devised based on 
llie vehicle iipplicalions described above for tlie near Icrm and far 
term lime periods and ihe two classes of engine thrust level. T)ie-ie 
dassifieuiions, listed in Figure 18, arc divided according to the fuel 
density (high density vs liydrogen) and state of technology 
development (lii)ili pressure vs low pressure) for liquid bipropellant 
engines, witli solids and composites (rocket/air breathers) in 
separate classifications. Each class is divided into two or three 
subdivisions and llie vehide applications for each subdivision are 
shown lor the near tenn and far term periods and for the two 
engine thrust levels. This chart is tniciided only lo show possible 
applications and docs not advoculc any particular one. Tlie 
characlerislicsofcadi classification are explained below. 

Higli Fcrformance. lligli Density Syslems ^ Tliese systems 
employ advanced high pressure, piimp-1'ed engines designed lo 
deliver higli specific impulse and have compact size and higli 
tlmisl-to-weig]il ratio. The types of propellants arc churaetcrized 
by high density fuels, such as the hydrocarbon or amine families, 
wilii oxidizers, such as liquid oxygen, liquid fluorine or FLOX 
mixtures, nilrogen (etroxidc, or various acids. Tlic types of engines 
are divided according to nozzle type and inelude: (I) bell (Dclaval) 
nozzle; and (2) plug nozzle, whicli includes aerospike. plug duster 
urrangements, and unconventional annular lliroal or linear nozzle 
cuncepis. Tlie under 30K bell luizzlc engines have appliculion in 
the near term for Space Tug and Shutlle OME improvements. The 
large thrust engines liuve application to tlic SRB replaccmem 
concepis and to expendabte launcli veliicic imptovenienl. In tlic 
fur term llie bell nozzle engines liave application virtually across 
Ihe board I'or bolli large and small thrust requirements [lartly 
because these vehicles are not well defined at present and tlie 
relative value of liigli propellant density is unclear,. The under 30K 
lliriist plug nozzle engines are applicable in near term to the Space 
Tug wlierc the Shuttle payload bay volume constraint places a 
premium on short engine lengtii. Tlie large llmist jilug nozzle 
engines are applicable to some of the SRB replacement concepts, 
in the far term, plug nozzle engines are applicable to a iiuriiber of 

.rge and .sinall llmisl a|ipIicalions, particularly where the 
advaiUages of altitude compensaliun, sliorl length, and integration 
willi Ihe vehicle design are imporlant. Fluorimiled oxidizi" 
(Fluorine, FLOX. OFz, etc.) arc lisled separately because th 
introduce a special set of technology problems that lend to lini . 
their use lo .special applications. These problems include safety, 
atrnosplicric Contamination, toxicity, higli cost, and handling and 
^loragc.. For under 30K timist engines in the near lenn, 
fiuorinated oxidizers arc applicable lo uprating the I US or 
expendable launch vehicles. In Ihe far term for under 30K thrust 
engines, the most likely application for fiuorinated oxidizers Is an 
advanced lug veliide. No applicatiuns arc shown fur Huorinaled 
oxidizers in large (booster) engines for cither near or far term 
because of the atmospheric contamination and cost problems. 

High I’crformaiice Hydrogen Fueled Systems ** Tliese systems 
eniiiloy liquid liydrogen lueled engines tliat operate at higli 
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d)aiitbi;r pressure und idgli mixture nitio. Tlie desiBti cmpliusis is 
on tiigli stage perfonnancc. Iiigi) delivered specific impulse, 
compact engine size, and lilgli tlirust/welght ratio. Tlic oxidizers 
include liquid oxygen, liquid Huorine, FLOX, and oxygen 
ditiuoride. Subdivisions include bell nozzle and plug nozzle engine 
types, as described above, and fluorinated oxiuizers us a separate 
category. 

Tlie under 30K liitust H, I'ucled bell nozzle engines have many 
applications in bolli the near and fur lenn periods. The large thrust 
bell nozzle engines in ilte near term liave one application - tite 
uprated SSMB for Slmtlic, but in the I'ar term liave several 
potential applications. Tlie under 30K plug nozzle engines in ilic 
near term liave application to the I US and Tug wlicre llie 
advantage orsbort engine length is important. For large tlinist II 2 
fueled plug nozzle engines the only application In the near lultirc 
is for some of the SKU replacerneiu options. In liic liir lenn tlic 
plug nuzzle engines liave many potential applications in botli 
thrust level classes. Fluorinated oxidizers liave application only for 
tlie under 3UK thrust class in cither near or far lenn for tlie same 
reasons staled above, 

Uigli I’erl'ormaiice Dual Fueled Sysieiiis - These systems include 
the features and propellants of Classes I and II. but make use of 
dual fuel enginesiO The dual fuel engine is designed to operate on 
high density propellants during the boost pliuse of flight and on 
hydrogen fuel during Ilte sustain phase. Tlic original concept 
proposed by Kudi ItcichelO), shown in figure 1 9, was designed to 
burn first LOX/llJ*5 and than LOX/LII] and is oxygen cooied. It 
is a iiigh chamber pressure, staged combustion, bell nozzle engine. 
Oilier potential dual fuel engine connguraliuns include fuel or 
auxiliary fluid cooling und plug nozzle designs employ ing u split 
conibuslor. Tlie dual fuel engine is inipllcilly part of a mixed 
mode propulsion system (see figure 7). Such systems liavc 
potential application in the near term only for under 30K engines 
of bell or plug nozzle design for tli Space 1'ug where titc mixed 
ntodc concept can provide short stage length. In the far term dual 
fuel engines with eitlicr bell or iiltig nozzle are applicable to the 
Space Tug or OTV for small thrust and to the SSTO or assisted 
SSTO for large tiirust. 

Low Development Cost, lllgli Density Fueled Systems - TIicsc 
systems arc characterized generally by low cost and low to 
moderate operating pressures. Tlic propellants arc tlie same as 
Class I. There are two distinct subdivisions in this class: (I) 
modcruic pressure, pump-fed systems; and (2) pressure-fed 
systems. The former are cliaraclerfzcd by the present 
stalc-of-ihe-arl in operational, pump-fed engines, such as the 
Agcna (YLI(-!IA-9), Atlas Booster and Sustainer, F-l, etc., Wnlch 
have chamber pressures generally less than 1000 psia and utilize 
gas generator turbopump drive cycles. Selection of sucll engines 
for future applications will be made primarily on the basis of cost 
rather than perfomiancc. The prcssure-fed systems typically liave 
engine chamber pressures below 200 psia and lank pressures below 
SOO psia. 

Moderate piessure, puinp-fed engines have potential applications 
generally across the board for both timist classes and both near 
and far term. Pressure-fed engines liave applications wlterc low 
cost, reliability, niggedness, and simplicity arc prcdonitnaiU 
factors in the selection of u propulsion system compared to higli 
specific impulse and light weight. In Ihe near lerni, pressure-fed 
engines of under 30K thrust arc applicable to the Sluiltic OMF 
and for over 250K thrust to certain SRB replacement options lliat 
propose use of strap-on liquid pressure-fed boosters, in tlic far 
term, pressure-fed engine of le.ss than 30K size could be employed 
on tlie OTV, orbit maneuvering systems on future shuttle vehicles, 
or lunar landing vehicles. Large tlirusl pressurc-fed engines arc 


applicable to TSTO vehicles in tlic far term or heavy lift veliidcs, 

Conmosile (Rocket/Air llreailiinBl Systems - Composite 
cngiiicsUS) combine tlie features of an all-rocket pruputsimi 
system (burning only propellant stored on board Ihe vehicle) and 
an air breathing engine, whicli uhtains its oxidizer from tlic 
alniospliere and Its fuel from on-board storage. The basic types of 
composite engines are shown in figure 20. This class Is divided into 
two subdivisions on the basis of engine complexity. Tlie lirsi 
subdivision, sliown in figure 20(a), is the air augmented or ducted 
rocket, whicli consists of a rocket enclosed within a duct. The 
rocket acts as an ejector pumo to ingest air wliich increases tlic tie! 
Ilirust and speciHc impulse of the engine. The other types of 
composite engines, sliown in llgures 20(b), (c), and (d), are all 
more complex. Iieavicr, and involve cither secondary propclianl 
coinbusilon, or rotating machinery, or both. These types, the 
ejector ramjet, air turborocket, and LACIi, and many 
combinalions and variations tiiercof, arc included in tlic second 
subdivision. They ail need cmisidcrabte tccimulogy work prior to 
development. 

Composite engine'- are only applicable to tlic booster vcliidq 
applications requiring large thmst engines, since these would be 
operated in the atmosphere. In the near term only air 
augmentation is a viable candidate composite engine, since the 
Ollier subdivision of this class of engines will require mute time lo 
develop. Air augmentation could be used to improve the Sliutile 
SKIl performance or for uprating of cxpeiidabtc launcli veliides. 
1‘lic more complex composite engines, sudi as ramjets, 
lurborockets, LACI:, etc., have application in tlie far term lo 
TSTO or possibly assisted takeoff SSTO veliicles. 

Solid Rockets - Solid rocket systems arc dearly a separate and 
distinct class of propulsion systems. The technology for solids is 
well advanced and they liave wide application for both targe and 
small syslems in tlie near lenn. Solids are employed for the Burner 
II stage llial Is being considered for a kick stage for lUS or Tug 
und for the Scout veiilcle. In the large thrust class, applications 
Include the Sliuitie SRB improvemcnl and improvement of the 
solids used on expendable iauncli veiiicles, sucli as Titan 
Ill-Ccntaur and Tlirust-Augmcnled Tlior (TAT)-Delta. In the far 
term for large Ihnist motors, applications include Ihe (solid 
motor) assisted takeoff SSTO and some concepts of tlie heavy lift 
vcliicic. 

Propulsion Teclinoioiry Needs 

in Ihe preceding discussion, a set of six major propulsion systcni 
ciassiricalions was presented and a preliminary study made of the 
future vcliicic applications that appear possible for each class. The 
list of potential veiilcle aiiplicalions. althougli not exhaustive, is 
nevertheless broad and undoubtedly includes space program 
options tiiat, because of budget liinilutions, will never be 
exercised. In planning propulsion Icclinology programs to I- 
pursuer] in tlie next few years, it is therefore, essential to consu 
which vehicle options appear most likely lo be developed. 1 
equal importance is consideration of whicli propulsioit 
technologies have broad application to a number of veliide 
options und are, liierefore, more apt to be utilized. 

A set of priority ratings was devised lo assist in prioritizing the 
need for propulsion system technology for tlic many vehicle 
applications. The priority ratings arc as follows; 
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I’fiorily ItiliiiBS 

I. Very liiiporlaiit - Clear payulf'.inuve mu with 
iccimology work. 


teehiiulugy applicable tu lower thrust systems and to Class IV, 
Low Develupmeiu Cost, Iligli Deiistty Ivded Systems and Class 
111. High I’erformance Dual liielcd Systems The program is 
dividcil into S categories accurdmg to tiie tedmical disdpiiiies or 
engine computtcius ttivuiv’ed:eaeii category is discussed below. 


2 . 

important 

■ Higli payolf expecled; move 



out with studies to clarify 

3. 

Desirable 

- i’ayuff possible; merits furibcr 



consideration 

4. 

N/A 

• Not applicable 


Figure 21 sliows the iiriority ratings assigned for the six major 
propulsion system classes and Ihcir subdivisions tor tlic near term 
and far term periods i'or under 3l),U00 pounds lhr»”. muu over 
250,000 gjounds llirusi engines,T hese ratings rellect llic need for 
propulsion system teelinology in cacli category, llie payolT 
expected in terms of improved vehicle perfurmance. the time 
criticality of the technology us a pacing item needing to be dune 
quickly to provide a viable veliicie or propulsion sysleni choice, 
and the relallvc nncerlalnty that the perceived payolf can be oris 
likely to be reali/.ed.The priority ratings also eaii be thought of as 
Inversely proportional to invesliiieni risk, i.e., a tow priortly rating 
(i.e., a 2 or 3) Infers a higlier risk lhal liie Icclinology dollar 
invested may not pay ofl in the development of a useful system 
that will be applied. 


( l> l'ro|ieHaii t Characierisllcs -T lie candidalc fuels ate: 
members of the amine family, such as hydrar.inc (N'slU). 
N)ll„-UI>Mll blends, and monomelliyl hydradne (MMID . with 
nitrogen Ictruxide (NjO 4 ) or Hquid oxygen (LOX) Its oxidizer: 
and the hydrocarbon family, sudi us HJ’-I, KJ>5.and a number of 
others with LOX as oxidizer, The selection oi a particular 
propellant cuinblnalion from this group will dc*|)cnd ugion s])cc!fic 
system design cliaraclerlslics and Ihe relative importance of 
specific impulse, density, cost, and operational churacierlstks.T he 
hydrocarbon family, a sample of which is shown in 1* able I, 
includes a large number of candidate fuels that offer wide ranges 
of deptsity, l{|,, and eosi A number of these candidate fuels appear 
promising for luiitre missions in tlial, compared to lU’-l. they 
offer Itigiter Isg) upid Itiglter density. Studies arc iieidcd to 
characlcri/.e some of these fuels, obtain property data, examine 
maoiufacturing processes, atid evaluate relative advantages 
compared to [<i’>l/ I.OXas a standard. If one of the nture exotic 
fuels, tike Itl'S or IKTOr dimer, is selecled, a production st'alcuip 
will l>e needed to produce t|Uunlilics reqitlred for rocket engine 
testipig. Also, basic beat trattsfer data from higli iiressure beat!-d 
tube tests will be needed as design ipilbnnatiun for rocket thrust 
chatnbets.Tliis will include data on Iherntal decomposition of the 
fud at elevated temperatures. 


based on tliese assigned priority ratings, a logic diagratn, shown 
in llgurc 22 , was ilevised, which sliows llie approacit for planning 
of lechnology work. This plan focuses on near lenu Icdinology 
needs on tlie premise that these areas require an immediale start to 
meet near term needs and that the lechnology generated will also 
have general application to far lenn requirements. I^r priority I 
areas, a detailed propulsion tccimology program must be started in 
FY 76 to meet the overall schedule of Itgiirc 3., Also, 
vcliicle/propulsion system studies should be initialed to further 
clarify vehicle reqiiiremenls, compare alternative approaches fur 
various missions, and provide guidance as to seteclioii of must 
promising approaches. For priority 2 areas, similar 
vclilele/propulsion system studies should be initialed ami, 
siimdtuneously, some tccimology work started that has general 
applicability or that requires long lead time lo solve crtlical 
Iccimology problems. Witliin (wo years, these ureas sliould be 
reassessed, decisions made on most promising applications, and 
propulsion system options narrowed. At that time, a more firm 
detailed propulsion technology program cay) be planned. For 
priority 3 areas, studies are needed lodelenoine leasibility and to 
provide preliminary infomtaiion upon wiilcb to base dceisiovis o)i 
further interest. Ibllowing this, if inieresi remains, 
vehicle/propulsion system studies sltould be performed and later 
detailed technology work initiated. 

Ibltowing are descriptions of recommended propulsion 
technology programs for (l)rcc areas' (A) High Density Rielcd 
Systems; (B) Higli I’erformance Hydrogen fueled Systems: and (C) 
Solid Bocket Motors. Fach program includes discussion of priority 
I areas and long lead lime priority 2 work, tbilowing the 
description of Solid Kocket Motor work is a Hsling, ilcm(D). of 
four priority 2 studies that arc recommended. 

1 (A) Higli Density Fueled Systems -T lie detailed propulsion 
technology progmm for higli density fueled systems is sliowgi in 
figure 23. This program is aimed principally al Ihe priority 1 large 
IhrusI class systems in Class I, Higli I’crfomianee High Density 
Ficled Systems, but also will provide considerable basic 


O T lirust Cliamher/CoiiibusltirT ecliiiolopv - Data is needed 
on cooting of rocket tlirusi chambers wllli liigii jiressure 
supercritical oxygen. Lillie data now exists on oxygen heat 
transfer coellidciits at pressures above 2000 psia atid siibcrillcal 
temperatures. High pressure combustion fundamentals, 
perfonnance, and stability data must also be obtained and 
supporting anatysis perromicd to obtain correiation between 
prediction ami experimenlal residls. Alter selection ofltie fuel and 
cuutliig melliod to be employed (fuel, oxidizer, or auxiliary Iluid) 
for engines of specilied size and operating condilious, complele 
cooled Ihnist dianibers will be deniunslration lested lo oiilain 
perl'onnancc ami cooling data.TIirusI chamber life tests will tlieii 
be made to evaluate Ibemial fatigue cyclic life for several bundred 
cycles of opcratioii.Tlie Ibnisl cliamber/combustor program will 
be focused primarily on bell nozzle engines but may also be 
expanded to include aerospike/linear engines as inieresi dictates. 

(3) Bngiiie Systems - Studies are planned of hi^i 
performance, high pressure engine sysiems for high density 
propellants lo evaluate cooling lirallatiDns and lurbopuinp drive 
cycles and provide parametric data on engine welglit and 
performance vs tlirusi level. These studies will Include both bell 
nozzle and aerospike/lineur nozzle type engines. Fngiiic 
preliminary designs for specific applications will be complei. 
after sdeclioii of coating metbod, fucl/oxidizer combination, a. 
engine operating conditions. This will provide guidance lin 
following work lo "liomc in" on spccilfc operating conditions for 
a selected ajiplicalion. Altitude performance data will be obtained 
with Ihe cooled thrust chamber hardware following dcmunsiratioii 
of cooling and perfonnance in ( 2 ) . above,. 

( 4 ) T urhomacliiiiery -The principal technologies needed in 
this area are ; developinem of high temperature turbine materials 
to allow higher eflldency and extraction of liiglicr specific power 
from tile turbine working fluid; and devetopnient of lung life 
bearings ami seals capable of a minimum of 1 0 Itouis Dperatiilg life 
and several litindred starts. Fvaluation will be made of alternate 
boost pump drive mclliods, such as hydraulic turbine, hoi gas 
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turbine, gear drive, and mulii-ruller drive, the most irrumising 
approach siviccicd for a particular engitte sire for both (iiel and 
oxidizer boost pumps, and experinieittal units tested. 

O Veliiele Mass Iraetion liiinroveineiit ~ Jbr advanced STS 
vehicles, reduction of dry weight is very important. In llic 
propulsion system, various components, such us tanks, propellant 
lines, valves, manifolds, and thrust cliamhets can be made ligltter 
in weiglit by application of composite or filament wound 
structures. lUvaiiccd liglitweiglit moldable composile materials 
and use of graphite, boron, or Kevlar rdameiit winding will be 
Investigated. 

(fS Low/I iitcrmediale C hamber 1‘rcssureT eclnioloyy (Priority 
3 - In tills category, Icdmology work is needed on low pressure 
combustion pcrfomiancc and stability for large pressure-fed 
engines. Also, investigation is needed of performance of existing 
engines, such os Atlas and Thor engines, with higlicr density 
liydrocarbon fuels which could replace lU’-l and provide payload 
improvements. 

(D) Ulidt Performance Hydrogen Rielcd Systems -The detailed 
propulsion tcclinology program for tlie Class II tligli I'erformance 
ilydrogen liieled Systems is shown in figure 24. T lie program 
includes tlie priority 1 teeiinology for under 30K thrust bell and 
plug nozzle engines and priority 2 tcclinology for over 250K 
tlirust bell and plug nozzle engines. T lie tediiiolugy also is 
applicable to the Class III under 30K thrust dual fuel engines in 
the near term lime period. 

(1) Aijvunced Space Engine (AStJ TediiioloBV In tliis area 
Icdmology work has been in progress under Lewis tbseardi 
Center sponsorship since 1972 to develop lecimology for a liigli 
pressure, staged combustion cycle hydrogen-oxygen ciiginefS) 
suitable for Space Tug, Engine component technology work has 
included investigation of regenerative llinisl chamber pcrfoniianec 
and cooling, injedor development, prdnirncr perfonnance, 
igniters, main fuel and oxidizer lurbopump.s, boost pump drive, 
chamber life at reduced pressum, and bearings and seals life. In tlie 
future, tile program will be extended to provide evaluation of 
turbopump life with long-life bearings and seats instalted and 
demonstration of tlirust diamber life at full operating pressure. 
Much of this activity is designed to have general applicability to 
advanced hydrogen-oxygen engines regardless of tlie nuzzle fbell 
or pluiJ or tufbupiimp drive cycle (expander, gas generator, or 
staged combuslioii. It tlicrcforc provides propulsion system 
technology suitable for a variety of advanced vdiides. 

(3 Powerhead Breadboard Asseinhlv (I’nAi Systems level 
testing of the puwerlicad of the staged combustion engine Is 
essential to tay the groundwork for development of an engine of 
this type.Tliel’B A includes the main regenerative itmist chamber, 
main injector, prebumer, main fud and oxidizer turbopiimps, and 
controls. T ests of this engine system assembly are essential to 
evaluate component tnleracllon effects, determine control 
requirements, and demonstrate successful system operation for 
transient and steady-state conditions. An optional second phase of 
lliis activity is to add tlic engine boost pumps and their drive 
system to the PBA to compteic the engine system. This system 
would also be tested at tank head idle and pumped idle conditions, 

C3J Plug Nozzle Engine Technology -T edinology is needed 
for plug nozzle engines in the areas of aerospike thrust diamber 
performance and structural integrity, aerospike segment life, plug 
duster nozzle performance, and breadboard engine dcntonstralion. 
Tests of a full 25,000 pound thrust aerospike chamber will be 
completed to obtain attitude specific impulse data and verify the 
structural aspects of a tiglitwciglit design. Cyclic tests arc needed 


to deiennine the lliemial fatigue cyclic lile of the twudimcmional 
throat copper alloy segments of tlie aerospike dgambcr.CdfTlie 
plug duster nuzzle arrangement (figure 14) offers attractive 
advantages of sliort engine length and higli perfonnance tlirougli 
altitude compensulioit (fur booster engliicsl and full utilization of 
veliicic base area for cxiiaust gas expansion. Evaluation is needed 
of plug duster nozzles for specific applications involving clustering 
around circular or linear plug nozzles to determine perfonnance 
losses associated with exiiaust gas flow from many discrete tliroats 
onto the plug, Inslailed engine wdglit calculations arc needed to 
allow comparison witli alternate approadies. Breadboard engine 
tests arc needed of tlie aerospike tlirust chamber with tlie main 
fud and oxidizer pumps to evatuate expander cycle opemlion, 
investigate mmiifoldiiig problems, and dcicnninc control 
requirements. 

(4) Pfonellant Cliaracterlzallmi. (Priority 3 - Studies are 
needed of tlie use of slusli or Iriple point hydrogen and oxygen 
propellants in advanced vehicles. Tills method can provide 
increases in propellant density up to wiiidi allows reduction 
in vdiide size and dry wciglit. Ex|icnnieiital work is required to 
evaluate production melliods. handling, slorage, transfer. 
|iuni|iing, ami engine operalfun. 

(S) Thrust Chamber/Coinbustor TedinoiOBV., IPrioriiy 
^ - Continued advana's in large liydrogen-oxygeti bell nozzle 
engine performance are ucliicvabic tlirougli increases in chamber 
pressure and use of deployable nozzles, Experimental testing is 
needed of extendible nozzles capable of being deployed during 
engine operation and thus |»rovldc a nozzle expansion ratio more 
closely inalclied to the upiiimini area ratio for the prevatlitig 
iio/zle pressure ratio, wliicli varies from sea level takeoff 
conditions to space vacuum. T estlng is also required to evaluate 
perfumiaiice ami thrust cliambcr cooling at liiglicr chamber 
pressures up to 4000 psia. 

(0 Solid Itockel Molum -Tlie detailed propulsion teeiinology 
program for Class VI, Solid Rockets, Is shown in (tgure 2S.Thls 
program encompasses work forbolli large and small thrust motors 
for the near term requirements. 

(I) i’ropcllunt T cdmoloav - Improvements in solid 
propellant technology arc needed in llic areas of propellant cost, 
aimosplieric pollution, am! perfonnance. Propellant formulation 
studies are needed to develop a new piopcllant with enhanced 
energy content, mechanical properties, case bondability, and 
combustion characteristics wliilc maintaining acceptable liazard 
dasstrication lor use in veliicics swell as Space Shuttle andT ug. 

(3 Improved Components - Various improvements to solid 
rocket componi-nts arc needed such as reduction of tlie cost and 
weiglit, of the case and nozzle. Design, fabricalloii, and 
liydrotesting of segments of a 140-inch diameter filament wound 
fiberglass case are needed to verify appliealion of iliis lcchIlOlDg^ 
to S KB size cases. Subscale motor tests are needed to evaluate lo 
cost nozzle materials and low cost chamber insulation material , 
suitable for the SRB nozzle and motor case.To reduce case and 
nozzle weight, high strength carbon materials should be evaluated 
including investigation of manufacturing metiiods using carbon 
filaments,, 

(3) Solid Motor System -T echnotogy demonstration is 
needed of an uplimtzcd higli energy kick stage motor with T VC 
and muiliple burn capabilities jsing Class 2 propellanlS.T Ills effort 
should inchidc analysis and trade-olf studies icading lo design, 
fabrication, and testing of subscale and full scale motors. This 
work is needed to provide a Class 2. high perfonnance. low cost 
solid propulsion option for Sliuttle missions. 


S 


(D) rceommeri deii Priori t y 2 £lutlles 

(1) SRH liiinlaccmenl Suidv -Tliis study would evaluate 
various proposed vehicle concepts (see Hgure 1 1 ) that eliminate 
the Shuttle SKU's In order to signiricantly reduce recurring cost 
per launch, These include use of Ihiiiid strap-un boosters 
recoverable by parachute or down back as RPV’s manned heat 
sink flyback boosters, or other options lliat Ulilire all er part of 
the present Shuttle hardware. Tlic study woiihi provide 
comparative data on vehicle GLOW and dry wdgfil, propulsion 
system characteristics, propellant types and tjuontiliei required, 
oprationul conslrainls, recurring and non-rccuri'ing cost 
projections, and details of technology advancements rcqpdrcd. 

(2) SSME liiiprovemcnt Study - A study program to evaluate 
uprating and/or improvements to the Space Shuttle Main Ifiiglne. 
including, for example, investigation of higlicr cliamber pressure 
operation, engine dry welglit reduclion, and use of an extendible 
noialc. The study would provide data on engine performance and 
weigtit, and cycle balance data, sucli as temperatures, pressures, 
flows, and turbopump speeds at key points tliroughout the engine 
system. Preliminary designs would be completed on components 
of tlie engine requiring modification and details provided of life 
predictions for critical components. 

( 3 ) SluiltleOML Ininrovenient Study -Tills program would 
investigate clianges to the Space Sliuttk Orbit hlaneuvcring 
I’ropulsion System to reduce weight, reduce propellant cost, 
reduce operational and handling problems and constraints, 
improve performance, and reduce turnaround time between 
flights. Tlic study would evaluate alternate propellants, c,g., 
LOX-hydrocarbon or LOX-aminc fuel, and higlier performance 
pump-fed engines using tliese propellants or the N 1 O 4 -MMM 
propellants now baselined for the O ME. Selection would be made 
of tlie most favorable approaches for making improvements and 
tedinology work planned to lay the groundwork for these 
changes. 

(4) Space Tail Aniilicatlons Study -T his study would 
evaluate the requirements for the SpaecT ug after liic I US decision 
has been made, taking into ac.eount any revisions inTugiiissions 
due to changes in Shuttle capebility. mission model revisions, or 
Tug development schedule revisions. The study would also 
consider alternative design approaches, such us use of cryogenic 
propeltunts, eartli storabics, or hlsli performance liigh density 
propellants, (LOX-hydr.icarbon or LOX-amine fueO or a mixed 
mode system with dual fuel (mginc. In the case of cryogenic 
propellants, alternate engines would be considered at Constant 
conditions of engine Ihrusi, operating capabilities, and mixture 
ratio. The effect of tug length would be fully evaluated and 
determination puide of tiie value of short length and high 
performance ir. reducing Shuttle fliglits and attendant launch cost 
per pound of payload through multiple-payload packaging. 

SUMMARY 

A plan has been presented for generation of primary propulsion 
technology to meet the projected needs of advanced space 
transportation systems in the years from 1980 to 2000, which was 
divided into the near term (ISBO*,-) and far term (I990’s) periods- 
The propulsion systems for tliese applications were divided Into 
two major thrust levels: (I) 5,000 to 30,000 pounds thrust and (2) 
over 250,000 pounds. The study considered only clicmical rocket 
propulsion, not nuclear or electric, and subdivided the applicable 
propulsion systems into she classce. including liquid bi-propellants, 
solids, and composite (rocket/air breathing engines. 


(I) Chemical rocket propulsion wi.tl continue lo be the 
propulsion workhorse of the space program throughout the 
1980-2000 time period and will be utilized for most of NASA's 
primary propulsion needs. 

( 2 ) No major brcukthrouglis In chemical propulsion 
technology are cvidcnl that are likely lo be applied during this 
time period. The technology efforts described arc tlierefore 
evolutionary In nature.T he state-of-the-art in chemical propulsioi) 
systems can be greatly improved by an accumulation of smaii 
Iinprovcincnls. ikalization of this fact provides juslificalion for a 
broadly based propulsion Iccimology program, since not all gains 
souglii wilt prove to be attainable and since each incremental gain, 
by Itself, may be difficult lo justify. However, tlie additive effects 
of, for example, operation at higlier pressure. Use of mixed mode 
propulsion, increased propellant density, and use of dual fuel 
engmes, can provide very significant payload gains or vehicle size 
and wclglit rediictio."s. 

(3) Long lead rimes are needed to develop new propulsion 
technology, typically 5-10 years. An additional 5-10 years is 
needed for vclilde development. It is, therefore, essentia] to 
iniliate work on advanced concepts at once in order to provide 
improved capability as early as 1985. 

(41 Systems level testing is generally needed to provide an 
adequate technology base so that advanced propulsion concepl.s 
will be selected for use on u fiiglit veliide. 
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Figure 2. * Technology flow-advanced space transportation systems * 
primary propulsion. 
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Figure 3. * Advanced space transportation systems propulsion technology 
planning. 
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Figure 4. - Baseline expendable shuttle upper stage configurations. 
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Figure 5. - Modified Centaur interim upper stage. 
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Figure 7. - Comparison of single-mode and mixed-mode tugs in the 
shuttle payload bay. 




Figure 8. - LO 2 /MMH orbit transfer vehicte. 
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Figure 9. - Representative lunar surface vehicles. 
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Figure 18. - Propulsion system classifications and applications. 
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Figure 19. - Dual -fuel engine schematic. 
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Figure 2D. - Basic types of composite engines. 
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Figure 21. - Priority ratings for advanced propulsion technology. 
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Figure 22. - Near term propulsion technology - program logic. 
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